Abstract. Acute kidney injury (AKI) is a severe complication of sepsis, which largely contributes to the associated high mortality rate. Tenuigenin (TNG) is a natural product isolated from Polygala tenuifolia root, which possesses anti-inflammatory and anti-oxidant properties. The present study investigated the effects of TNG on sepsis-associated AKI in mice subjected to cecal ligation and puncture (CLP). TNG was demonstrated to alleviate sepsis-induced AKI by reducing pathological changes and significantly decreasing the levels of blood urea nitrogen, serum creatinine and kidney coefficient. The production of inflammatory cytokines, including tumor necrosis factor α and interleukin-6, was markedly inhibited by TNG. Hematoxylin-eosin staining revealed that the morphological changes of kidney tissues in CLP mice were reversed following TNG treatment. Furthermore, treatment with TNG inhibited the production of nitric oxide and prostaglandin E 2 . Finally, TNG inhibited the activation of the nuclear factor-κB (NF-κB) signaling pathway. The present study suggested that TNG alleviates sepsis-induced AKI by inhibiting the NF-κB signaling pathway, which provides a novel approach for treating sepsis-induced AKI.
Introduction
Acute kidney injury (AKI) is associated with high mortality and occurs in up to 35% of hospitalized patients (1) . In patients who receive general surgery, the incidence of AKI has been reported to be ~1%, while it may occur in up to 70% of critically ill patients, and if AKI is part of the multiple organ dysfunction syndrome, the in-hospital mortality is 50% (2, 3) . AKI is an independent risk factor for mortality (4) , and surviving patients have an increased risk of developing chronic kidney disease. AKI comprises multiple clinical conditions and outcomes are influenced by underlying disease. In critically ill patients, sepsis is the most common cause of AKI. Sepsis is a severe systemic inflammatory response triggered by a bacterial, viral or fungal infection and represents a major cause of shock or mortality (5) . Sepsis-induced AKI is characterized by a rapid and often profound decline in the kidney's function to filter blood and eliminate nitrogen waste products, usually evolving over hours to days after the onset of sepsis (6) .
At present, no therapeutic measures are available to prevent or treat sepsis-induced AKI due to the limited understanding of the pathophysiological mechanisms. The involvement of inflammation, microvascular dysfunction and adaptive responses of tubular cells in the development of sepsis-induced AKI provides novel therapeutic and diagnostic avenues. Among the numerous pathophysiological processes underlying sepsis, inflammation has prominent roles (7), which results from the activation of nuclear factor-κB (NF-κB) through intracellular signaling pathways (8) . NF-κB has been demonstrated to mediate the transcription of a large number of genes, the products of which are known to have important roles in septic pathophysiology (9) . Mice with deficiency of these NF-κB-dependent genes are resistant to the development of septic shock and sepsis-associated mortality (10) . Pro-inflammatory cytokines, including interleukin-6 (IL-6) and tumor necrosis factor α (TNF-α) have been demonstrated to be significantly higher in patients with sepsis than in those without (7) . Numerous clinical trials have been performed to modulate the excessive inflammatory response in sepsis-induced AKI cases, but to date, no immunomodulatory drug has been demonstrated to decrease the mortality of patients with severe sepsis-induced AKI (11) . Therefore, there is a compelling need to develop novel therapeutic options for patients with sepsis-induced AKI.
Tenuigenin (TNG) is a major active component of the Chinese herb Polygala tenuifolia root, also known as 'Yuan Zhi' according to the Chinese Materia Medica, and is used to treat patients with insomnia, neurosis and dementia (12) . TNG has been reported to have various biological and pharmacological activities, including anti-oxidant, anti-inflammatory, anti-dementia and anti-aging effects (13, 14) . Given that TNG, which is extensively applied in Traditional Chinese Medicine, inhibits the inflammatory response, which has crucial roles in the pathophysiological development of sepsis-induced AKI, the present study sought to investigate the ability of TNG to reduce it and assessed whether the underlying mechanism involves the NF-κB pathway. The blood was collected in heparinized centrifuge tubes through the abdominal aorta and following collection of blood samples, a high dose of anesthetic (110 mg/kg thiopental sodium, i.p.) was administered and the animals were bled to death. Freshly isolated serum was used for the assessment of renal function. The two kidneys were harvested and weighed, and were used for histological sectioning and biochemical assays.
Materials and methods

Animals
CLP procedure. CLP was performed according to the procedure used by Rittirsch et al (16) . In brief, following anesthetizing mice by intraperitoneal injection 300 mg/kg chloral hydrate, a midline incision of 2-3 cm in length was made to expose the cecum and the adjoining intestine. Subsequently, 50% of the cecum was ligated and perforated between the ligation and the tip of the cecum in a mesenteric to anti-mesenteric direction with an 18-gauge needle. Following extrusion of a small amount of stool through the puncture site, the cecum was replaced into the abdomen and the incision was closed using a sterile 4-0 silk suture. Finally, 30 ml/kg of warm sterile saline was subcutaneously administered for fluid resuscitation. Mice in the sham group received the same procedure without CLP.
Assessment of renal function. Blood samples were collected from peritoneal veins and centrifuged at 2,500 x g at 4˚C for 10 min. The levels of blood urea nitrogen (BUN) and serum creatinine (SCr) were assayed with an automated biochemical analyzer (TBA-40FR; Toshiba, Tokyo, Japan).
Biochemical assays. Each kidney tissue sample was weighed using an analytical balance and 100 mg tissue of each sample was homogenized in 0.01 M PBS buffer (pH 7.2). Following centrifugation of the homogenate at 12,000 x g for 30 min at 4˚C, the supernatant was collected and quantitatively assayed for TNF-α and IL-6 using tumor necrosis factor-α (cat. no. H052) and interleukin-6 (cat. no. H007) ELISA kits (Nanjing Jiancheng Biological Engineering Institute, Nanjing, China) according to the manufacturer's protocol.
Determination of nitric oxide (NO) and prostaglandin E 2 (PGE 2 ).
The amount of nitrite (a stable metabolite of NO) in the kidney tissues was detected by the Griess Reagent System (Beyotime Institute of Biotechnology, Inc., Haimen, China) according to the manufacturer's protocol. The level of PGE 2 in the kidney tissues was detected using a PGE2 ELISA kit (cat. no. KB3797; Shanghai Ke Min Biotechnology Co., Ltd, Shanghai, China,) according to the manufacturer's protocol.
Western blot analysis. The kidney samples were homogenised, lysed in radioimmunoprecipitation assay buffer [50 mmol/l Tris (pH 7.4), 150 mmol/l NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, sodium orthovanadate, sodium fluoride, EDTA and leupeptin] with protease and phosphatase inhibitors, and centrifuged. The resulting supernatants containing cytoplasmic proteins were assayed using a bicinchoninic acid protein assay kit to measure the total protein content (Beyotime Institute of Biotechnology, Inc.). Nuclear protein was extracted using a Nuclear Protein Extraction kit (cat. no. AR0106; Wuhan Boster Biological Technology, Ltd., Wuhan, China) according to the manufacturer's protocol. Following denaturation, equal amounts of protein (30 µg/lane) were subjected to 10% SDS-PAGE and then transferred onto polyvinylidene difluoride membranes, which were washed in Tris-buffered saline with Tween-20 (TBST, 0.05%) and blocked in 5% skimmed milk (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) at 4˚C overnight. Next, the membranes were incubated with rabbit anti-IκBα antibody (cat. no. 9242) and rabbit anti-NF-κB antibody (cat. no. 8242; both Cell Signaling Technology, Danvers, MA, USA) diluted at 1:1,000 in 5% skimmed milk overnight at 4˚C and subsequently washed three times for 15 min prior to being incubated with peroxidase-conjugated anti-mouse (cat. no. ZB-2305; OriGene Technologies, Inc., Beijing, China) or peroxidase-conjugated goat anti-rabbit immunoglobulin G (cat. no. ZB-2301; OriGene Technologies, Inc.) diluted at 1:500 at room temperature for 1 h. The bound antibodies were visualised with an enhanced chemiluminescence (ECL) western blot detection system according to the manufacturer's protocol (GE Healthcare, Chalfont, UK).
Histopathological evaluation. Kidney specimens were collected and fixed in 10% formalin for 24 h at room temperature and then embedded in paraffin. Sections 4 µm thick were cut from formalin-fixed tissues and stained with hematoxylin and eosin according to the manufacturer's protocol (cat. no. G1120; Beijing Solarbio Science & Technology Co., Ltd., Beijing, China). Specimens were then examined under a light microscope at a magnification of x200.
Statistical analysis.
Values are expressed as the mean ± standard deviation. Statistical analysis was performed using a one-way ANOVA with a Dunnett's post hoc test as the multiple comparison method. P<0.05 was considered to indicate a statistically significant difference. Fig. 1 demonstrated the effects of TNG treatment on the kidney coefficient in the different experimental groups. According to the results, the kidney coefficient in the CLP group was significantly higher than that in the sham group (P<0.01). TNG treatment caused marked reductions in the kidney coefficient in the L group compared with that in the CLP group (P<0.05) and this tendency was also present in the other two TNG treatment groups (P<0.05).
Results
TNG treatment improves the kidney coefficient in mice with sepsis-induced AKI.
TNG improves kidney function parameters in mice with
sepsis-induced AKI. The BUN and SCr levels in mice with sepsis-induced AKI were assessed ( Fig. 2A and B, respectively) . Following CLP surgery, mice with AKI displayed significant elevations in the levels of BUN (P<0.01) and SCr (P<0.01) in renal tissues. Of note, the elevated levels of BUN and SCr were significantly lowered by the application of TNG (P<0.05 for each).
TNG treatment ameliorates inflammatory response in the kidneys of mice following CLP.
To analyze the inflammatory response in the kidneys of mice, the levels of TNF-α and IL-6 in kidneys were assessed by ELISA (Fig. 3A and B, respectively) . Compared with the sham group, TNF-α and IL-6 levels were significantly increased in the CLP group (P<0.01 for each), which was significantly inhibited by TNG treatment in a dose-dependent manner (P<0.05 or P<0.01).
TNG decreases the production of NO and PGE 2 in mice with sepsis-induced AKI.
To further demonstrate the anti-inflammatory effect of TNG, the production of inflammatory mediators and proteins was detected. As demonstrated in Fig. 4 , sepsis resulted in a significant increase in NO production in kidney tissue compared with that in the sham group (P<0.01), whereas TNG significantly inhibited sepsis-induced production of NO (P<0.05; Fig. 4A ). Furthermore, TNG significantly inhibited sepsis-induced production of PGE 2 (P<0.05; Fig. 4B ).
TNG attenuates histological changes in the kidneys of mice after CLP. Histological analysis of hematoxylin and eosin-stained kidney samples demonstrated a marked thickening of the glomerular basement membrane and an obvious expansion of mesangium in the CLP group compared with the sham group (Fig. 5A and B) . Of note, these histopathological alterations in the kidney were improved in the TNG-treatment groups (Fig. 5C-E) .
TNG inhibits the NF-κB signaling pathway in the kidneys of mice induced by AKI.
To further evaluate the mechanisms underlying the anti-inflammatory effect of TNG, the level of nuclear NF-κB and that of its inhibitor IκBα was assessed (Fig. 6) . Western blot analysis demonstrated that the levels of NF-κB in the nuclei of kidney cells from mice in the CLP group were significantly increased compared with those in the sham group (P<0.05), while the expression of IκBα was decreased (P<0.01). While middle and high dose of TNG treatment significantly increased IκBα expression compared to that in the CLP group. IκBα expression in the H group was slightly decreased compared with that of the M group, however, the difference was not statistically significant. Following treatment with different doses of TNG, although the NF-κB levels in the three TNG treatment groups remained higher than that in the sham group (P<0.01), but were significantly decreased when compared with the CLP group (P<0.01).
Discussion
Inflammation is an essential component of the innate immune response that protects against tissue damage. However, when unbalanced, inflammation causes tissue damage (17) . AKI is thought to be a result of uncontrolled renal inflammation and has a high mortality rate. Traditional Chinese medicines have been used for the prevention and treatment of various diseases in China for several thousands of years. TNG is an active component of a traditional Chinese medicinal herb that has been reported to have anti-oxidant and anti-inflammatory properties (13, 14) . The present study examined whether the protective effect of TNG on AKI induced by CLP is due to its anti-inflammatory properties.
The present study demonstrated that treatment with TNG in mice with sepsis-induced AKI alleviated the pathological damage of kidney tissue, attenuated renal dysfunction and inhibited the release of inflammatory cytokines and mediators, indicating a profound impact on the severity of AKI. To shed light on the underlying mechanisms, the present study focused on the NF-κB pathway. The results demonstrated that TNG significantly inhibited the activation of NF-κB the in kidneys of mice challenged by CLP. These results indicated that TNG exerts its anti-inflammatory effects at least in part through inhibition of the activation of the NF-κB signaling pathway.
The present study established a mouse model of sepsis-induced AKI, which is one of the classical methods for experimental studies on sepsis and also the animal model, which is the most representative of the pathophysiological processes of sepsis. The kidney is the most sensitive organ in sepsis. A progressive decline in the glomerular filtration rate, reflecting SCr and BUN levels, is the most common characteristic in the development of AKI, which causes proteinuria, leading to histological damage in the kidney. Following CLP surgery, mice with AKI exhibited significant increases in SCr and BUN levels and pathological abnormalities were observed, representing a decline in renal function. However, TNG treatment positively affected these parameters of renal function and effectively restrained the pathological changes, indicating a renoprotective effect of TNG in sepsis-induced AKI.
There is a strong association between inflammatory cytokine levels and the development of sepsis-induced AKI (18, 19) . Therefore, the upregulation of inflammatory cytokines, including TNF-α and IL-6 is considered a reliable marker of sepsis. The experimental data of the presents study suggested that the production of TNF-α and IL-6 was significantly induced by AKI, and was suppressed by treatment with TNG. Based on the above outcome, it was further demonstrated that TNG had a protective effect on mice with sepsis-induced AKI.
NO is derived from the oxidation of L-arginine, which is catalyzed by nitric oxide synthase (NOS). In sepsis, the expression of inducible (i)NOS induced by inflammatory mediators and cytokines is significantly increased in immunocytes, such as neutrophils and macrophages (20) . In the present study, the production of NO was significantly induced by AKI, which was suppressed by treatment with TNG. PGE 2 is an important inflammatory mediator and has a significant role in the inflammatory response (21, 22) . In the present study, the production of PGE2 was significantly induced by AKI, which was suppressed by treatment with TNG.
The NF-kB pathway involves an important family of transcription factors that control the expression of cytokines, cell adhesion molecules, growth factors and also apoptosis, cell proliferation, differentiation and survival (23, 24) . Studies have demonstrated the activation of NF-κB in the kidneys during AKI (25) (26) (27) . The principal pro-inflammatory mediators in the pathophysiology of sepsis are TNF-α and IL-1β, which activate NF-κB by triggering a signaling pathway that leads to the phosphorylation and consequent degradation of the inhibitor of NF-κB α (IκBα) (28, 29) . The degradation of IκBα generates a nuclear localization signal for the NF-κB protein, which then migrates into the nucleus and stimulates the transcription of specific genes. The overproduction of pro-inflammatory mediators enhances adhesion molecules and also leads to deleterious effects associated with multiple organ failure and shock (30) . iNOS and cyclooxygenase (COX)-2 are two important proteins downstream of the NF-κB signaling pathway and NF-κB specifically binds to the promoter region of iNOS and COX-2, which promotes their transcription and ultimately facilitates the production of NO and PGE 2 . The present study demonstrated that following CLP, accumulation of NF-κB was increased, accompanied with downregulation of the expression of IκBα. As expected, following treatment with TNG, the NF-κB signaling pathway was inhibited.
In conclusion, the results of the present study indicated that TNG significantly ameliorates kidney tissue damage, improves renal function, and inhibits the release of inflammatory cytokines and mediators, suggesting that TNG has a protective effect on AKI caused by sepsis. This renoprotection of TNG may be due to its anti-inflammatory effects. The present study also provided evidence that the mechanism of action may involve the inhibition of the NF-κB signaling pathway. These results indicated that TNG is a promising candidate for a novel adjuvant therapeutic strategy for sepsis-induced AKI and that the NF-κB signaling pathway may be a potential target.
